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relatively young (high TIA) and divergent (high TID) . At 5 h, the induced genes are dominated by old and 1 0 1 conserved genes. And at the later time points (9-21 h), the induced genes are relatively young and highly 1 0 2 divergent again. The permutation tests described in Drost et.al. 27 revealed that the TIA and TID values 1 0 3 were significantly different from a flat line (P = 2.95e-54) and consistent with an hourglass pattern (P = 1 0 4 1.63e-28), with 1 h as early, 5 h as middle and 9-21 h as late time points (see Materials and Methods). Calculating the TIA and TID for up and down-regulated genes separately reveals that up-regulated genes 1 0 6 are primarily responsible for the hourglass (Figure 1 ). We also found a similar hourglass in the elicitation 1 0 7 of systemic leaves (P = 0.025), but not in roots (P = 0.66) ( Figure S3 ). The similar up-regulation of the 1 0 8 same genes in systemic and local leaves was responsible for the common hourglass response of these 1 0 9
tissues (Table S1 ). To test the robustness of the observed hourglass pattern, we compared the TIA index based on 1 1 1 gene ages estimated using three different homologue searching algorithms, BLASTP, PSI-BLAST and 1 1 2 HMMER. We calculated the TID index based on sequence divergences between N. attenuata and N. Our analyses revealed that the observed hourglass pattern was robust to different estimations of gene age 1 1 5 and gene divergence ( Figure S4 and Figure S5 ). To capture an additional OS Ms -induced early 1 1 6 transcriptomic response, we analysed one additional microarray dataset that measured transcriptomic 1 1 7 responses at 30 min in TL after OS Ms -induction in WT plants that were transformed with an empty vector, 1 1 8 since these plants show very similar induced responses and overall phenotypes to WT plants. This 1 1 9 analysis revealed that both TIA and TID values were high at 30 min after elicitation and the hourglass 1 2 0 pattern was robustly reconfirmed ( Figure S6 ). We calculated the log odds ratio to identify over-represented phylostratigraphic (PS) groups at 1 2 2 different time points for the significantly up-regulated genes (false discovery rate adjusted P < 0.05, 1 2 3 absolute value of log 2 fold change > 1) induced by HAE. Consistently, the analysis showed that old genes 1 2 4 7 (PS < 4) were significantly over-represented at 5 h after elicitation ( Figure 2 ). The larger proportion of 1 2 5 old genes induced at 5 h was largely due to genes recruited from phylostratigraphic group 2. In addition, 1 2 6 genes that were significantly induced by HAE elicitation at 5 h showed lower Ka/Ks ratios between N. 1 2 7 attenuata and N. obtusifolia than genes induced at other time points ( Figure S7 ), consistent with the 1 2 8 inference that genes induced at 5 h are more evolutionarily conserved than those genes induced at other 1 2 9 time points. To further understand the mechanism underlying the observed evolutionary hourglass pattern, we Is the observed hourglass pattern specific to HAE-induced defence signalling? We computed TIA attenuata. As data are not available for later times in the elicitation process, we do not know if flg22 1 4 7 elicits the exact same hourglass pattern as HAE elicitation. However, the patterns found in the available 1 4 8 data for flg22-and HAE-induced TIA and TID patterns are consistent with a general hourglass response 1 4 9 8 pattern in plant biotic stress-induced defence signalling. Interestingly, the TIA and TID showed different 1 5 0 patterns when plants were infected by different living pathogens ( Figure S9 ), likely due to changes in 1 5 1 defence signalling caused by pathogen-plant interactions that follow the early pathogen recognition 1 5 2 responses.
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A strong inference of this analysis is that the different modules in signalling cascades that 1 5 4 mediate defence responses respond differently to natural selection. While genes involved in signalling 1 5 5 modules that are directly interacting with environmental factors are evolving rapidly, the signalling 1 5 6 modules in the middle stage are relatively conserved. Clearly many more resistance responses elicited by 1 5 7 different biotic and abiotic stimuli need to be examined with similar phylotranscriptomic approaches in 1 5 8 different plant species to test the robustness of the hourglass phenomena. The challenge will be to 1 5 9 develop/find/mine datasets that are sufficiently deep in their temporal analysis to capture the complete 1 6 0 ontogeny of a discrete response and without having the response be confounded by additional cycles of 1 6 1 elicitation and response, as commonly occurs in biotrophic pathogen-plant interactions. and induced defences are distinct biological processes, they share the similar feature: the modulation of 1 6 5 signalling networks and differential interactions with environmental factors among modules [22] [23] [24] 31 .
Systems biologists have predicted that the modulation and hourglass architecture (bow-tie shape) of 1 6 7 signalling networks can facilitate evolvability and robustness of traits 32,33 ; both of these features are 1 6 8 required for embryogenesis and induced defence. Therefore it is plausible that the modulation of the to test this inference. Allopolyploidy, whether it originated in the laboratory or in nature, occurs when the 9 study would be that the variation of induced defences among offspring produced from these interspecies 1 7 5 fusions displays a similar hourglass pattern, in which transcriptomic responses at early and late time 1 7 6 points after elicitation are more variable than the ones in the middle. Both developmental processes and herbivore-induced defence responses can also be seen as to signals from the organism's environment. These phenotypically plastic responses can profoundly 1 8 0 influence the process of adaptation, diversification, and more controversially, speciation, as a jack-of-all- modules in these hourglass patterns. We predict that phylotranscriptomic analyses of developmental 1 8 5 signal cascades that mediate phenotypic plasticity would be enriched in hourglass patterns. To construct the phylostratigraphic map ( Figure S1 ), we used BLASTP from the BLAST 1 8 9 (v2.2.25+) suite to search the curated NCBI taxonomy database 22,36 to assign N. attenuata genes to 13 1 9 0 phylostrata. This method is similar to methods used in previous studies 22,36 , with some modifications. In BLASTP results were further filtered to exclude synthetic sequences, viruses, and sequences that do not Nicotiana genus in the nr database, all N. attenuata genes without a match were further searched against a 1 9 6 locally stored N. obtusifolia genome. A gene was allocated to phylostratum (PS) 12 (Nicotiana specific) if 1 9 7 a hit to N. obtusifolia was detected or to PS 13 (N. attenuata specific) if no hit was detected. All genes 1 9 8 10 were assigned to the phylogenetically most ancient PS containing at least one species with at least one 1 9 9 blast hit using a custom python script. This method assumes that genes with shared domains belong to the 2 0 0 same gene family, and therefore subsequent duplications of founder genes are generally assigned to the 2 0 1 same PS as the founder gene, regardless of the time period in which the duplication event occurred 36 . phylostrata on the phylostratigraphic map was even more pronounced when the PHMMER algorithm was 2 1 4 used, which resulted in more than a three-fold increase of genes assigned to PS1 group (from 4326 to 2 1 5 16188 in comparison to BLASTP, Figure S1 ). The gKaKs (v1.2.3) 38 was used to calculate the genome-wide substitution rate between N. (diverged ~ 24 MYA) 25 . All predicted N. attenuata protein coding sequences were used as a query, and 2 2 0 the assembled and repeat masked N. obtusifolia and S. lycopersicum genomes were used as target 2 2 1 genomes. In this pipeline, if the query gene has more than one best match (exact same score) in the target 2 2 2 genome, then they were removed to reduce the errors resulted from calculating Ka/Ks from non-2 2 3 11 orthologous gene pairs. The minimum identity was set to 0.8. The Ka/Ks ratio was calculated using the 2 2 4 codeml method from the PAML package (version 4.7). Genes with a Ks value less than 0.05 and greater 2 2 5 than 1 were removed from the downstream analysis. The K a /K s ratio is an indicator of selection pressure 2 2 6 on protein coding genes and thus reflects the natural selection that drives the molecular evolution of 2 2 7 analysed genes. Similar to a previous study 23, 27 , our analysis showed that the sequence divergence and 2 2 8 gene age only show weak correlations ( Figure S10 ) and thus can provide complementary evidence for 2 2 9 estimating evolutionary distance. The transcriptome indices were calculated based on the microarray data 5 of locally treated leaves, 2 3 2 systemic leaves and roots at six time points within 21 h of a simulated herbivore attack ( Figure S2 ). This Each group had three biological replicates. The original microarray datasets were obtained from the NCBI previous studies 21, 23, 24, 27 . The TIA and TID are defined as follows:
Where t is a time point, n is the total number of genes analysed, PS i is the assigned PS of gene i, FC it is the 2 5 1 13 TIA and TID, using similar methods to those mentioned above. For bacterial induced transcriptomic 2 6 9 responses, the microarray data from AtGenExpress biotic stress dataset were used (data were originally Phytophthora infestans were analysed using the approach described above. To test whether the TIA and TID values were significantly different from a flat line and values do not fit a normal distribution, which was assumed to be the case in the orginal method for the 2 7 8 calculation of P values 27 . Therefore, we used a more conservative approach by calculating P values based 2 7 9 on only three time points: the time point with the lowest TIA or TID value (for herbivore dataset, 5 h) was 2 8 0 assumed to be the middle stage, the lowest TIA or TID value before and after middle time point was 2 8 1 selected as early and late stages, respectively. The P values calculated using this approach are therefore 2 8 2 usually higher (more conservative estimation) than they would be if all time points were included in the We calculated the log-odds ratio of significantly induced genes from each phylostrata. The by M. sexta OS in comparison to control (FDR adjusted P-value less than 0.05 and an absolute log 2 fold 2 9 0 change greater than 1) for each time point. Then the log odds ratio was calculated as: belong to the phylostrata group PS; N ሺ T ሻ is the informative genes from the microarray. For each PS
